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Binary nitrides multilayer systems were grown on silicon (100) substrates with the aim to study the
coherent assembly in HfN/VN material. Multilayers films were grown via reactive r.f. magnetron
sputtering technique by systematically varying the bilayer period (K) and the bilayer number (n) while
maintaining constant the total coating thickness (2.4 lm). The layers were characterized by high angle
X-ray diffraction (HA-XRD), low angle X-ray diffraction (LA-XRD). HfN and VN layers were analyzed by
X-ray photoelectron spectroscopy (XPS) and electron and transmission microscopy (TEM). HA-XRD
results showed preferential growth in the face-centered cubic (111) crystal structure for HfN/VN
multilayer systems with the epitaxial relation (111) [100]HfN//(200) [100]VN. The maximum coherent
assembly was observed with presence of satellite peaks. With this idea, ternary and binary nitrides films
have been designed and deposited on Si (100) substrates with bilayer periods (K) in a broad range, from
nanometers to micrometers. The films were fabricated to study the structural evolution, coherent
assembly progress and optical properties such as the critical angle, dispersion coefficient, index of refraction
for HfN/VN multilayers with decreasing bilayer thickness.
 2015 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).Introduction
Binary materials, like TiN and CrN, have received considerable
attention as wear-resistant coatings because of their high mechan-
ical hardness, wear resistance, and chemical inertness. However,
the mechanical requirements in many applications are so high that
classical single-layered hard coatings cannot satisfy them anymore
[1]. Several films such multilayer materials have attracted much
research interest because the nanometer scale may drastically
change the density of electronic states and the transport properties
of the conductor or semiconductors systems [2]. In the literature is
presented that strain-driven self-assembly of nanostructures provides
an inexpensive and effective manufacturing process and has been
extensively studied over the past decade. Tuning the size distribu-
tion and spatial ordering of these structures remains a continuing
challenge. Metal/metal, metal/ceramic and ceramic/ceramic are
type of the model materials used in the investigation of the self-
organization of nanostructures in semiconductor and mechanical
heterostructures [3–5]. In the case of iso-structural multilayers
(e.g., NaClfcc–NaClfcc), molecular dynamics (MD) simulations have
shown that the peak strength is set by coherency stresses which inturn are determined by elastic modulus and lattice parameter
mismatch [6]. Thus, heterostructures systems such as CrN/ZrN [7]
composed by metal/ceramic and ceramic/ceramic superlattices
combination have received much attention because these
combinations can exhibit high hardness values, often increasing
by more than 100% over the rule-of-mixture values, while retaining
good physical properties. In this sense, the literature presents few
researches focused on studying the effect of the transition-
metal-nitride superlattice. Such effect on ceramic substrates
coatedwith TiN/NbN, TiN/VN, NbN/VN has been study and reported
by Sproul [8]. In that study, the authors found that polycrystalline
superlattice films have hardnesses above 50 GPa, when the super-
lattice period is in the range of 4–8 nm, and this hardness enhance-
ment depends strongly on control of the process parameters [8–10].
Taking into account the above, the synergy between superlattice
effect and its physical properties on silicon substrate coated with
HfN/VN has not yet been thoroughly studied. In this work, the
HfN/VN multilayers coatings with total thickness of 2.4 lm have
been designed and deposited on Si (100) substrates with bilayer
periods in a broad range, from few nanometers to several nanome-
ters, with the aim to study the structural evolution with decreasing
bilayer thickness (K) and their relationship to coherent assembly
as function of the correlation length. Potential technological
applications could be in the electronic and optical industries.
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Multilayers were grown on Si (100) substrates by using a
multi-target magnetron sputtering system, with an r.f. source
(13.56 MHz). The plasma cleaning procedure was used for all sub-
strates under argon atmosphere. Two metallic Hf and V targets
with 10 cm of diameter and purity at 99.9% for both targets were
used. A 350 W magnetron power was applied to the hafnium tar-
get, while a power of 400 W was applied to the vanadium target.
Substrate–target distance of 7 cm, substrate temperature of
300 C; under circular rotation substrate with 60 RPM to facilitate
the formation of the stoichiometric binary coatings, which is nec-
essary for obtaining the face centered cubic (FCC) crystal structure.
The substrate for this work is a square-shaped structure with an
area of 1 cm2. The mixture of (80%) for Ar gas and (20%) for N2
gas was introduced into the chamber with a total working pressure
of 6  103 mbar. An unbalanced r.f. bias voltage was applied,
which generates a negative signal fixed at 50 V. Moreover, it
was possible to vary the bilayer number ranging from 1, 10, 30,
50, 80 and 200. Therefore, these multilayer values changed the
bilayer period due to the increase of the bilayer number for coat-
ings with constant thickness. The X-ray diffraction (XRD) study
was carried out for a multilayer systems in high-angle ranges
and low-angle ranges with a Bragg–Brentano configuration
(h/2h), where the crystal was analyzed by using a Philips-MRD
diffractometer with Cu-Ka radiation (k = 1.5406 Å). The chemical
composition was analyzed via X-ray spectroscopy photoelectron
(XPS). XPS experiments were performed in a SPECS Sage HR 100
spectrometer with a non-monochromatic X ray source (Aluminum
Ka line of 1486.6 eV energy and a power applied of 300 W and cal-
ibrated using the 3d5/2 line of Ag with a full width at half maxi-
mum (FWHM) of 1.1 eV. The selected resolution for the spectra
was 30 eV of Pass Energy and 0.5 eV/step for the general survey
spectra and 10 eV of Pass Energy and 0.15 eV/step for the detailed
spectra of the different elements. All Measurements were made in
an ultra-high vacuum (UHV) chamber at a pressure around
5  108 mbar. Samples were etched for 5 min with an Ar+ ion
beamwith energy of 3 keV. Moreover, C 1s spectra were fitted with
software CasaXPS V2.3.15 using Gaussian Lorentzian functions
(after a Shirley background correction) where the FWHM of all
the peaks were constrained while the peak positions and areas
were set free. Low-angle (LA-XRD) or reflectivity (XRR) scans per-
mitted the characterization of the preferred-orientations related
to epitaxial growth. Bilayer periods in multilayers were measured
using low-angle XRD (h/2h) scans and compared with those
obtained from transmission electron microscopy (TEM) micro-
graphs. The structural assembly of the multilayer coatings was
analyzed by TEM using a Philips CM30 microscope operating at
300 kV and by simulations of low-angle XRD patterns using
Paratt’s formalism [11].Results and discussion
HA-X-ray analyses for multilayers coatings
The measured total thickness for [HfN/VN]n multilayers was
found to be approximately 2.4 lm for all of them. The individual
thickness varied in function of bilayers number from n = 1 to
n = 80 producing layers with thicknesses from 1.2 lm to 15 nm,
respectively. Fig. 1 shows the high-angle X-ray diffraction patterns
corresponding to the HfN/VNmultilayers. There is a clear evolution
of diffraction patterns in this set of multilayers as the bilayer per-
iod is reduced. As seen in Fig. 1a, at large bilayer periods, there is a
clear FCC (111) preferred orientation for both Hf–N and V–N layers
[12]. The VN layers texture remain constant the (111) preferredorientation present from 1.2 lm-thick films to multilayers with
15 nm-thick; this behavior suggests the possibility of a cube-on-
cube epitaxial growth. In the thickest bilayer pattern there are still
some small contributions of VN (200), HfN (311) and HfN (222)
reflections, but they disappear for a large range of bilayer periods
till the thinnest multilayer period K 6 15 nm.
The VN (111) peak position suffers a great deviation from the
bulk value indicating a possible stress evolution of HfN/VN layers
with the bilayer period. The quasi-relaxed position observed for
thinner bilayer periods was progressively shifted to higher com-
pressive stress values as the bilayer period is increased until the
K = 1.5 lm value is reached. For thinner period multilayers
(n = 80), an abrupt change in V–N (111) peak position was
observed, presenting a stress reduction due to the movement of
this peak toward higher angles compared to other multilayers
but close to bulk value (34.24). The stress evolution showed for
(111) peak position into the XRD patterns (Fig. 1a) is accompanied
by a progressive and intense symmetrical enlargement according
to the increase of intensity peak. Moreover, these patterns show
clearly that the widening peaks are reduced accordingly with the
decrease of bilayer number and increase in the thickness of indi-
vidual layers [10,13]. Moreover in the Fig. 1b it was possible to
observe the reduction in the intensity of Hf–N (311) and Hf–N
(222) signals when the bilayer numbers are reduced, possibly
associated to increase of multilayer stress.
Maximum peak shift and crystallographic structure simulations
For a large bilayer period, there is a clear face centered cubic
(FCC) (111) preferred orientation for HfN layer and FCC (200) pre-
ferred orientation for V–N layers (isostructured multilayer) Fig. 2a.
These preferential orientations agree with JCPDF-00 033 0592
(HfN) and JCPDF-00 035 0768 (VN) from ICCD cards. The texture
of HfN layer remains constant in preferential orientation (111)
from 1200 nm thick films to multilayers with 15-nm thickness.
So, from the individual patterns for HfN and VN coatings it was
possible to observe a difference in the peak positions for (111)
direction, which indicates a difference of lattice constant. Thus,
suggesting that the peak preferential direction (111) for the
multilayer is a possible combination between HfN and VN peaks.
Then, the more intense (111) peak can be one solution of the com-
bination between them. The satellite peaks were observed for mul-
tilayer samples as function of bilayer period (K) Fig. 2a. It is clearly
shown that relative intensity for highest intense peak is referred to
the central peak which is associated even cube-on-cube assembly,
this cube-on-cube behavior is affected by increase of bilayer period
where the great lattice disorder is due to residual stress between
HfN and VN layers. Other possible reason can be decreasing
amount of crystallites which built the cube-on-cube assembly
when the layer thickness is increased.
On the other hand, the quasi-relaxed position observed for
thinner bilayer periods was progressively shifted to higher
compressive stress values as the bilayer period increased up to
the K = 1200 nm value. Thus, the crystallographic structure
simulations for HfN and VN (Fig. 2b), confirm the coherent ensemble
with a mismatch of 8.11%. Finally, for thinner multilayered periods
(n = 80, K = 15 nm), a continuous transition of Hf–N (111) peak
position was observed, from multilayers coatings with bilayer
periods of 120 nm to those with 15 nm bilayer period in agreement
with crystal simulation for cube-on-cube assembly taking into
account the HfN/VN mismatch with the epitaxial relation
for HfN/VN from out-plane information (XRD results) HfN (111),
and VN (200).
Satellite peaks and superlattice effect
The existence of maximum peaks present in all periods from
K = 1.2 lm to K = 15 nm (Fig. 3), is associated with the short
Fig. 1. HA-XRD patterns for HfN/VN multilayers coatings deposited on Si (100): (a) evolution for (111) peak position into the pattern systems which are accompanied by a
progressive and intense symmetrical enlargement, (b) intensity reduction for Hf–N (311) and Hf–N (222) signals as function of reduction in the bilayer number.
Fig. 2. XRD patterns for all HfN/VN coatings: (a) multilayers with the respective satellite peaks n = 80, K = 15 nm; n = 0, K = 24 nm; n = 30, K = 40 nm; n = 10, K = 120 nm;
and n = 1, K = 1.2 lm and (b) crystallographic structure simulations of HfN and VN, which show the coherent ensemble with a mismatch of 8.11%.
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(200) layers: (aHfN (111)/aVN (200) = 1.0883). As indicated in
similar cases by other authors [10], solving an envelope function
with two central maximum, which converges to a single maximum
value that occurs over relatively small periods (around or below
15 nm). This can be observed for the combinations of two materials
(HfN and VN) with a short spacing relation red (red parameter)
out-of-plane as observed in this research for metallic nitride
multilayers with bilayer periods between K = 80 nm and
K = 15 nm. Thus, it is possible to analyze a high central peak which
is derived from the modulation of both metal nitride materials and
nanometer multilayer characteristics. Therefore, the analysis of
these satellites superlattice peaks can be related to the case of aFig. 3. Diffraction X-ray patterns of satellite peaks with: (a) (HA-XRD) for HfN/VN multil
adjusting Lorentz (Ch12 = 8227.3, R2 = 0.9997) and (b) Curling patterns after subtracting t
satellite peak order (m-th).coherent set of stacking layers associated with HfN and VN with
presence to the wide range of bilayers that involves a large
structural coherence length (n) along the growth direction. For
the case in which the length (n) is very different (shorter) than
the modulation period (K), it is possible to generate a XDX signal
without satellites peaks diffractions Fig. 3a. This behavior is
attributed to periods usually very large or a very disorderly
structure (amorphous) of one of the constituent materials [14–16].
Nevertheless, Yashar and colleagues [10] presented another
possibility which agrees with results shown in this paper, when
the multilayer period is higher than KP 60 nm. So, the explana-
tion of this disappearance of superlattice peaks in XRD results,
for similar multilayers is related to the internal disorder of theayer coatings with n = 80 (K = 15 nm) showing the satellites’ position of the Laue by
he Lorentz adjustment pattern applied to the original X-ray diffraction, showing the
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mismatch between the materials, and the resulting interfacial
roughness. Moreover, it is possible to observe a tendency
manifested in the increased stress (residual stress) for HfN/VN
multilayers coatings when reducing the bilayers number (ie, n = 1
and n = 30), which can also be deduced that the large shift suffers
peak position in HfN/VN (111) up to period values below 15 nm.
However, the metal-nitride multilayer systems can theoreti-
cally provide a low mismatch around 1.08% between the coupling
of the red parameters that present each of the individual layers,
which are constituents in the multilayer systems K = 15 nm. Thus,
during intermediate and low bilayer periods, there are some mod-
ulations of symmetrical diffraction intensity. However, the HA-X-
ray patterns are taken generally in high geometry (h/2h), wherein
the scattering vector, (|q| = 4psinh/k), and is perpendicular to the
multilayer interfaces. So, the HA-X-ray patterns may consist of a
convolution of the grid spacing variation and the compositional
modulation. Due to this condition, the high angle diffraction
patterns are more difficult to interpret than the patterns of X-ray
diffraction of a low angle [10,15]. The peaks shown in (HA-XRD),
also contain detailed information about red spacing variation.
Therefore, when red spacing out-of-plane of the individual layers
are similar (n = 80 or K = 15 nm with mismatch of 1.08%), the pat-
tern generally consists of a Bragg peak located at half the spacing
red between the HfN/VN multilayer surrounded by equidistant
satellites peaks (in reciprocal space) Fig. 3a. Moreover, it is possible
to observe the Curling patterns (Fig. 3b) after subtracting the
Lorentz adjustment pattern applied to the original X-ray diffraction
(Fig. 3a), showing the satellite peak order (m-th).
Taking into account the above discussion, the satellite peak
intensities refer to the magnitude of the composition modulation
(Curling patterns Fig. 3b). That is, the relationship between the
intensity peaks of the satellite order (m-th) and the intensity of
the Bragg peak, Im/IB component is related to the Fourier composi-
tional modulation (m-th). Therefore, if the HfN/VN multilayers do
not have a perfect square wave representing the modulation com-
positional, the satellite peak intensities decrease with higher order
peaks that are generally more affected than lower order peaks [16].
Fig. 4 shows that (n = 80, K = 15 nm) layers were grown with
high orientation in relation to the substrate, and with high inten-
sity of the Bragg peak. Thus, even for small ratios Im/IB the satellite
peaks are observed [10]. The satellite peak positions are associated
with a maximum corresponding to a respective local order (m).
Therefore, it can be applied to the second derivative from Curling
patterns (Fig. 3b), and thus find the local maximum to zero
(Fig. 4a). Moreover, Sin(h) as function of satellite peak order canFig. 4. Satellite peaks adjusting: (a) first and second derivatives of Curling pattern showin
the satellite peaks with respect to the order of the satellite.be analyzed with linear behavior satellite peak positions (h±) and
the reflection order (k) associated with each local maximum,
shown in Fig. 4b, revealing good definition of the multilayers and
uniform periodicity [17].Chemical composition via XPS analysis
XPS survey spectra for HfN and VN single layers that make up
the HfN/VN multilayers coatings deposited with n = 1
(K = 600 nm) are shown in Fig. 5. According to XPS literature,
regarding Hf–N and V–N coatings materials [18,19], concentration
measurements and identification of the specific bonding configura-
tions for the HfN and VN layers are more reliable when XPS anal-
ysis is used. So, the core electronic spectra carry information of
the chemical composition and bonding characteristics of the HfN
and VN coatings generate an increase in the reliability of the
results. Finally, the nitrogen (N) signal presence can be associated
to a few surface contaminations. In this sense, binding energies’
identification was realized in agreement with NIST X-ray photo-
electron spectroscopy Database 20, Version 3.5. So, the integral
N1s, Hf4f and V2p3/2, spectra corrected by relevant sensitive fac-
tors can evaluate the concentrations of N and Hf elements for
Hf–N coatings and N, and V elements in the V–N coating. The cor-
responding integral of the deconvoluted peaks can also be used to
estimate the bond contents, which are described by the following
Eq. (1) [20]:
Ci ¼
P Ai
Si
 
P Aj
Sj
  ð1Þ
where S is the sensitivity factor, A is the integral of deconvoluted
peaks, and Ci is the atomic content. The numerator is the sum of
the integral of one sort of bond; the denominator is the sum of
the integral of all types of bonds decomposed from the whole peak
of N1s, Hf4f and V2p3/2, spectra in the sample. Table 1 shows that
there is prevalence of nitrogen and hafnium atoms, for Hf–N mate-
rial and nitrogen and vanadium atoms, for V–N material, which
means majority presence of nitride phases such as is showed in
the X-ray diffraction Pattern (Fig. 1). In this sense from XPS results
it is possible to observe that, nitrogen content in HfN and VN films
acts as a dopant.
For HfN material (Fig. 6) the peaks with highest intensity corre-
spond to N–Hf (396.2 eV) at N1s signal and Hf–N (15.5 eV) at Hf4f
signal. In this regard, for N1s signal (Fig. 6a) energy bindings for
N–O (400.0 eV) and N–O–Hf (397.2 eV) were found. Moreover,g zero local maximum and (b) linear fit of the sin function to the highest positions in
Fig. 5. XPS survey spectrum: (a) HfN coatings and (b) VN coatings deposited on Si with an r.f. negative bias voltage of 30 V.
Table 1
Chemical composition of Hf–N and V–N coatings from XPS results.
Chemical composition N (%) Hf (%) V (%)
Hf–N coating 0.9 0.1 –
V–N coating 0.8 – 0.2
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(14.3 eV). The change of binding energy compared to HfN single
layer materials verifies the formation of Hf–N layer; therefore,
calculating the peak area yields an atomic ratio of Hf:N = 0.1:0.9,
similar to the stoichiometry of Hf0.1N0.9 [18].
On the other hand, for VN material (Fig. 7) the peaks with high-
est intensity correspond to N–V (397.4 eV) at N1s signal and V–N
(514.6 eV) at V2p3/2 signal. In this sense, for N1s signal (Fig. 7a),
the energy bindings for N–V–O (402.0 eV) and N–O (400.0 eV) were
found. Moreover, Fig. 7b shows energy bindings for V-O (516.8 eV).
The change of binding energy compared to VN verifies the forma-
tion of binary V–N compound; therefore, calculating the peak area
yields an atomic ratio of V:N = 0.2:0.8, similar to the stoichiometry
of V0.2N0.8 [19].
Low-angle X-ray diffraction (XRR) analysis
The real nanometric features of HfN/VN multilayers coatings,
X-ray reflectivity analysis (XRR), otherwise called low-angle X-ray
diffraction (LA-XRD), were employed to obtain precise measurements
of bilayer periodicities and also to give some indication of theFig. 6. High-resolution spectrum for HfNcombined effect of interfacial roughness and intermixing. LA-XRD
data, such as the plotted in the Fig. 8a, were obtained for most of
the HfN/VN systems confirming a well-defined and stable
multilayer periodicity at the nanometric scale whichwas observed
from HA-XRD results (Figs. 1 and 2). Thus, the bilayer periodicities
can be extracted directly from the peak positions. Simulations
were also performed to fit the experimental data using Paratt’s
formalism [11]. From LA-XRD results, it was directly possible to
obtain the thickness ratios; but neither interface roughness nor
diffuse widths, can be extracted independently, only a combined
value of both, as it cannot discern between those two effects
(thickness ratios and interface roughness) [8,21,22].
Moreover, Fig. 8a presents X-ray reflectivity peaks exhibiting
low intensity and are quickly lost into the noise region for
relatively small angles. The reduced intensity of peaks shown in
this analysis has its main origin in the very low difference in
electron density between both, HfN and VN binary materials. This
physical property (electron density) causes the modulation on
X-ray reflectivity signal for the current multilayer systems due to
dissimilar materials. Otherwise, the fast drop of reflectivity signal
for low angles can be related to different microstructural defects
such as roughness, intermixing, different chemical nature observed
by XPS results (Fig. 5) and other interfacial distortion effects that
produce dispersion of X-ray intensity, instead of reflection [23].
On the other hand, taking into account the XRR results (Fig. 8a),
Fig. 8b shows Sin2(h) as a function of the maximum order of inten-
sity. From this figure, it is clearly seen a linear behavior relating to
the increase in the order of maximum and h increases, adjusting
thus, various results of reflectivity similar to those used in thiscoatings: (a) N1s, (b) Hf4f signals.
Fig. 7. High-resolution spectrum for VN coatings: (a) N1s, (b) V2p3/2 signals.
Fig. 8. Reflectivity (XRR) pattern for HfV/VN multilayers: (a) low-angle XRD pattern for HfN/VN multilayers with 40 nm bilayer period. The simulation fit is shifted in
intensity to perform a better comparison and (b) Sin2(h) as a function of the maximum order intensity (m2) for n = 30 and the slope of a linear function (Sin2(h) vs. m2)
associated to bilayer period K = 40 nm.
Table 2
Relevant parameters of HfN/VN multilayers obtained from LA-XRD and simulations.
Bilayer
number
Bilayer period (nm) calculated
from total thickness
Bilayer period (nm) extracted
from LA-XRD measurements
1 1200 –
10 120 119.6
30 40 39.9
50 24 23.1
80 15 14.7
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have postulated an attempt to describe some models for such
linear behaviors. For instance, Paratt and Yashar have worked on
a linear model that considers the period, the modulation order,
and the scattering coefficient among other features present in
many multilayers, generating an equation that assumes different
phenomena in the reflectivity (XRR), which is widely accepted
[6,10,24,25]. So, the multilayer period (K) can be determined from
the following Eq. (2):
Sin2ðhÞ ¼ k
2K
 
m2 þ 2d ð2Þ
where h is the angle between the X-ray and the scattered planes, k is
the wavelength of X-ray (1.5406 Å), K is the bilayer period, m
corresponding to the maximum order of intensity, and d is the
scattering coefficient of the multilayer. From Eq. (2) for HfN/VN
multilayers it was determined a theoretical period of n = 30,
thus the value found for KE was 40.3 ± 0.5 nm, which broadly
corresponds to the nominal value KT = 40 nm.
From Fig. 8, another remarkable feature can be disclosed when
comparing the experimental and the simulated spectra. This is the
evident broadening of the experimental peaks which can be
correlated to their lower intensity when compared to those of
the simulations, as in this way the peak area integral is maintained
quite similar in all cases. This effect can be directly related to some
amount of spreading on bilayer period values through the wholecoating thickness and/or the radial distance. Bilayer periodicity
(K) sets the precise position of X-ray reflectivity maxima, as in
the simulated spectra. And so, a slight variation on the periodicity
causes an intermixing of the reflectivity signals originated at differ-
ent compositional modulations that, on the one hand, produces
peak broadening, inducing thus an additional reduction of peak
intensity [21]. This spreading can only be properly measured for
peaks at high angles, such as the second maxima of the multilayer
with K lower than K = 5 nm, where the variation on periodicity is
DK = 0.2 nm. In the other multilayer or superlattice this spreading
effect can only be hinted but is not clear enough to be measured
[26]. To summarize, all the relevant values extracted from
LA-XRD data and simulations have been put together in Table 2,
thus, it can be observed that all the bilayer periods measured from
reflectivity coincide quite closely with those already calculated
Fig. 9. TEM images with respective diffraction patterns for HfN/VN multilayers for n = 80, K = 15 nm, with SAED pattern showing the interplanar distance in HfN and VN
layers.
J.C. Caicedo et al. / Results in Physics 5 (2015) 241–249 247from coatings’ total thickness and also with the before-deposition
designed values (see Table 2).Transmission electron microscopy (TEM) analysis
TEM results presented in Fig. 9 allow a detailed examination of
the microstructural details such as growth patterns, the periodicity
of the HfN/VN multilayers and a study of the interfaces. In the TEM
results the darker contrast corresponds to the binary layer (Hf–N)
in relation to the other binary (V–N) layer associate to deferent
chemical composition observed in XPS results (Fig. 5), in this sense
TEM results allows a clear determination of the structure and
interfaces between the layers. Therefore, Fig. 9 shows a typical
TEM bright field image for HfN/VN system, which evidences the
multilayer structure, showing diffraction patterns for both layers
with their orientation preferential HfN (111) and VN (200). Thus,
the TEM image (Fig. 9) clearly reflects the existence of a stable
layer structure and periodic layer with moderate modulations in
the nanometric range. Also TEM images show alternating layers
of HfN (thin) and VN layers (thick). Moreover, the alternating
layers are in structural coherency with the satellite peaks pre-
sented in (Figs. 2 and 3). In this regard, the last effect generated
by the alternating HfN and VN layers coinciding with the LA-XRD
(XRR) results and XRR simulations (Fig. 8).
However, the complete structural information can be extracted
by the selected area electron diffraction patterns (SAED), as pre-
sented in Fig. 9 (insert). These SAED patterns are representative
of the diffraction patterns obtained from the selected regions
within HfN/VN multilayers, therefore, these patterns clearly show
different crystalline structures with strong preferential growth in
the HfN (111) and (200) for VN layer associated with both
materials composing the multilayers coatings [27]. Finally, the
TEM images show, in terms of the interplanar distance, that
HfN layer (d = 0.2612 nm) is marginally lower than VN layer
(d = 0.2063 nm). They also confirmed that for the interplanar
distance in HfN and VN layer there is a deviation of 0.0549 nm.Therefore, it was possible to determinate the epitaxial relation
for HfN/VN system from out-plane information (XRD results
Fig. 1) HfN (111), VN (200) and in-plane information (TEM results
Fig. 9) HfN [100] , VN [100] (111) [100]HfN//(200) [100]VN.
Critical angle, dispersion coefficient and index of refraction
In Fig. 10 the LA-XRD (XRR) results for the HfN/VN multilayer
systems deposited with n = 30 are shown. In these results
(Fig. 10a), the first two changes in reflectivity signal associated to
the critical angles for Si (100) (hcSi(100)) and HfN/VN (hcHfN/VN)
materials are observed. Since changes in the XXR signal for the Si
(100) and the HfN/VN system are hardly observable and consider-
ing that XRR problems can be seen as an XRD problem of a one unit
cell film of a material with the out-of-plane parameter equal to the
thickness of the sample, therefore in the Fig. 10b it was necessary
to determine the true critical angle deriving the signal reflectivity
in relation to (h) angle like (dR/dh) [11,21,28].
On the other hand, from the true critical angle results for the
multilayer HfN/VN system (Figs. 8–10), it was determined that
the critical angle (hc) is related to its average electronic density
(qe) described by Eq. (3) [11,28].
hcðHfN=VNÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qerek
2=p
q
ð3Þ
where hc is the critical angle, qe is the electronic density, re is the
electron radius (2.817950  1015 m), k is the wavelength of
X-ray (1.5406 Å). Analyzing the last expression, from Eq. (3) for
HfN/VN multilayers, a theoretical electronic density qe(HfN/VN) =
2.688  1033 el/m3was determined.
Taking into account the last results, it was possible to
determine, by using Snell’s law and Paratt’s formalism [11], the
d = dispersion coefficient and index of refraction for HfN/VN
multilayer associate to the next Eqs. (4) and (5).
d ¼ 1
2  p
 
 re  k2  qe ð4Þ
Fig. 10. Reflectivity (XRR) signal for HfV/VN system: (a) different critical angles for Si (100) substrate and (b) HfN/VN multilayers associate to derivate LA-XRD signal dR/dh.
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(2.817950  1015 m), k is the wavelength of X-ray (1.5406 Å),
qe is the electronic density. From Eq. (3) for HfN/VN multilayers
the dispersion coefficient d(HfN/VN) = 0.28424 el was determined.
Furthermore, the refractive index (n) of the materials is smaller
than unity in the hard X-ray region. This is a consequence of the
repeated resonant behavior of many possible electronic transitions
up to the X-ray region. Thus, the index of refraction for HfN/VN was
determined by Eq. (4) [11,28]:
n ¼ 1 d ib if ReðnÞ < 1) n  1 d ð5Þ
where n is the index of refraction, d is the dispersion coefficient,and
b is the absorption coefficient. However, the two real numbers d and
b, have dependencies of HfN/VN material and wave-length depen-
dencies taking into account that d is a reduction due to the binding
of the electrons in the atom, which is proportional to the electron
density (qe) of the material and inversely proportional with the
square of the wavevector k. The imaginary part is related to the
absorption of X-rays, b being proportional with the absorption coef-
ficient. In this regard, from Eq. (4) for HfN/VN multilayers, an index
of refraction n(HfN/VN) = 0.7157 was determined.
Conclusion
X-ray diffraction results obtained by HfN/VN multilayers
showed at low and high angles evidencing compositional superlat-
tice reflections. The textured multilayer grew with the (111)
direction perpendicular to the substrate surface and a relationship
aHfN(111)/aVN(200) = 1.0883. The peak characteristics of a superlattice
satellites were detected for the binary multilayer systems with n
between n = 30 and n = 80 or bilayers periods between K = 40 nm
and K = 14 nm.
The chemical composition via XPS results showed that the
Hf1.0N0.9 and V2.0N0.8 layers preserve acceptable stoichiometry for
binary metal nitride synthesized with transition metal, moreover,
from the structural analysis by SAED and HR-TEM it was observed
with high precision that HfN and VN materials within multilayer
systems possess the same crystal structure (FCC) with similar
preferential orientation (111) as evidenced by a high consistency
in the pattern diffraction (in reciprocal space) with the epitaxial
relationship (111) [100]HfN//(200) [100]VN.
In this research it was possible to determine for the HfN/VN sys-
tem the experimental physical characteristics such as critical angle
(hcHfN/VN), the electronic density (qeHfN/VN), dispersion coefficient
(dHfN/VN) and index of refraction n (dHfN/VN). These results relate
to structural coherence, taking into account the HA-XRD, XPS andTEM, which are very important for applications where materials
require good physical and electrochemical properties.
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